Intimal thickening and formation of extracellular matrix are parts of the repair process after vascular injury. Similar processes occur after coronary angioplasty. Prior studies have shown that losartan inhibits intimal thickening in rat carotid arteries following balloon injury. However, the effects of losartan in reducing the collagen content of arteries after balloon injury have not been examined. The objectives of this study were to determine the change in collagen content after balloon injury and to analyse the mechanisms of reduction of collagen content and intimal thickening. Losartan (15 mg/kg/d) was administered orally from six days before to eight weeks after balloon injury in rabbits. Collagen content was measured histologically by the use of circularly polarised images of picrosirius redstained sections. Collagen content in arterial intima was found to be significantly lower in the losartan-treated group (n=12) than in the control group (n=12) (21.6%±5.2% vs. 43.8%±7.6%, p<0.01). Losartan reduced the collagen content in arterial intima by 50.7% area fraction compared with that of control. The morphological observation showed that the intimal area and intimal-to-medial area ratio in the losartan-treated group were significantly less than in the control group (0.27±0.13mm 2 vs. 0.52±0.29 mm 2 , 0.55±0.21 vs. 0.97±0.25, respectively, p<0.05). These data indicate that losartan reduces vascular collagen content and inhibits intimal thickening after balloon injury. The results also suggest that collagen accumulation in the intima may be an important factor in the development of the stenotic lesion and that the use of losartan may have therapeutic value to prevent stenosis after balloon injury.
Introduction
Restenosis after an initially successful angioplasty of an atherosclerotic plaque remains the major limitation of coronary angioplasty in humans.The prevention of restenosis by pharmacological or mechanical approaches has been uniformly disappointing and reflect a basic lack of understanding of the underlying biological mechanisms involved in the vascular response to injury. Previous studies have focused on the role of vascular smooth muscle cells (SMCs) migration and proliferation in stenotic lesions in animal models and in human restenosis. 1 Modern concepts of restenosis after balloon arterial angioplasty implicate a variety of mechanisms, including thrombosis, intimal hyperplasia, extracellular matrix (ECM) elaboration, elastic recoil, apoptosis, oxidative stress, and unfavourable arterial remodeling. [2] [3] [4] [5] [6] [7] [8] [9] As a result of initial studies in rodents,showing intense neointimal SMC proliferation subsequent to balloon arterial injury, cellular proliferation occupied a central role in early restenosis paradigms. 2 More studies have shown that it is the ECM, consisting of collagen, elastin, and several types of glycoproteins (fibronectin, proteoglycans and vitronectin), rather than cellular volume, that accounts for the vast bulk (nearly 90%) of the eventual neointimal volume of late restenosis. 10 The arterial remodelling 9 in restenosis pathophysiology has further fuelled the interest in understanding matrix changes after balloon arterial injury. Collagen, the most abundant ECM protein accumulated after balloon injury, 3 may be an important factor in development of stenosis and restenosis. Recently, considerable effort has been devoted to exploring the role of the renin-angiotensin-aldosterone system (RAAS) in vascular proliferative responses to injury. In vitro experiments have shown that angiotensin II (Ang II) stimulates growth factor expression, vascular SMC migration and proliferation, and myocardial ECM synthesis. [11] [12] [13] [14] [15] Losartan, a non-peptide Ang II receptor antagonist, inhibits intimal thickening and vascular SMC migration and proliferation in rat carotid arteries following balloon injury. 11, 16 However, effects of losartan in reducing collagen content of arteries after balloon injury have not been examined. This study investigates the effect of losartan on collagen content after balloon injury in rabbits. In addition, intimal thickening and tissue Ang II content were analysed, to explore the potential mechanism by which collagen content was altered. 17 Briefly, a 2.5 mm angioplasty balloon catheter (Cordis Corp.) with a balloon length of 20 mm was gently inflated and tracted from the right femoral to iliac artery after a surgical operation.To ensure complete iliac endothelial denudation, this procedure was performed three times at 6 atm for a 30-second interval during each traction. In addition, as an internal control, the left femoral artery was ligated without inflation and traction.The rabbits were then divided into three groups.Twelve rabbits received losartan orally (15 mg/kg/d) from six days before, until eight weeks after, balloon injury. Another 19 rabbits, without drug adminstration, served as control; seven rabbits were left for four weeks and another 12 rabbits were left for eight weeks. Four and eight weeks after balloon injury, plasma samples were obtained from each artery. The iliac arteries were isolated and removed under general anaesthetic. The isolated iliac arteries were then divided into two parts. One part was used for histochemical observations, the other part was used for the measurement of tissue Ang II.
Materials and methods

Materials
Losartan (2-n-butyl-4-chloro-5-hydroxymethyl-1-[(2'- (1H-tetrazol-5-yl) biphenyl-4-yl) methyl] imidazole
Histology
Representative samples of the iliac artery were fixed in 10% paraformalin and embeded in paraffin. The blocks were cut into 5-um thick sections prepared for the evaluation of different factors.All sections were stained with haematoxylin/eosin, and examined by light microscopy for evidence of injury, intimal hyperplasia, and extent of fibrous tissue.
Morphometric quantification of intimal medial area and lumen area
Cross-sectional areas of the intima, media and lumen were measured by an observer blinded to treatment of the subjects. Intimal area, intimal-tomedial area ratio and lumen area performed in haematoxylin-eosin-stained sections measured by the use of KS400 Video Image Digital Analysis System. The border of intima and media were defined as the site of the intimal elastic lamina.
Morphometric quantification of collagen content
All sections were stained with picrosirius red. 18 Picrosirius red-stained collagen fibres appear bright when viewed with polarised light. Other vascular elements, such as elastin and smooth muscle cells, appear dark. Also, these fibres appear bright red when viewed with general light, whilst other vascular elements appear empty.This optical property of the tissue was exploited to assess collagen content. Collagen content in the nonadventitial tissue was calculated by use of KS400 Video Image Digital Analysis System. The collagen content in each section was expressed as the area fraction (collagen content/intimal area x 100%).
Plasma and tissue angiotensin II assay
The plasma samples (3ml) were collected in prechilled tubes containing the following 'inhibitor' solution : 50uL 0.3M EDTA-2Na (Ethylenediamine tetraacetic acid disodium salt), 50uL 0.34M 8hydroxyquinoline, 25uL 0.32M β-mercaptopropanol, and were prepared by centrifuging for five minutes at 1000r. The supernatent thus obtained was used as a source of plasma Ang II.
The iliac artery was cleaned of adventia, blotted dry, weighed, broken to pieces and added to a centrifuge tube containing 2.0ml of 'homogenisation buffer' (50uL 0.3M EDTA-2Na, 50uL 0.34M 8-hydroxyquinoline, 25uL 0.32M β-mercaptopropanol, 2mL 2M acetic acid). The artery was then homogenised (Kinematica CH-6010 Kriens-LU, Switzerland).Three 5-second passes at a setting of 10-second. The homogenate was then centrifuged at 3500r x 15 minutes in a centrifuge (himac CR22 HITACHI, Japan).The supernatant thus obtained was used as a source of arterial Ang II.The plasma and tissue Ang II content were determined by a radioimmunoassay.
Statistical analysis
All values are expressed as mean±SD.An unpaired student's t-test was used to determine the statisti- cal significance of differences in intimal medial area, collagen content, and plasma and tissue Ang II content between the losartan and control groups. Correlation analysis was used to evaluate the relationship between histologically-determined percent collagen content and intimal area, intimal-to-medial area ratio and between histologically-determined percent collagen content and tissue Ang II content. All statistics were computed by SAS PC V6.04. A value of p<0.05 was considered statistically significant.
Results
Histopathology
The fibrocellular intimal thickening that formed after the artery injury contained smooth muscle cells embedded in matrix. There was some evidence of trauma, including plate-fibrin deposition along the intimal surface, breaks in the intimal elastic lamina, and focal intimal dissections, that in some cases extended into the media (Figure 1 ). The intimal lesions were usually circumferential and concentric, although, in some specimens, the lesions were quite eccentric.
Morphometry
Quantification of intimal, medial area and lumen area
At eight weeks, internal control left arteries essentially contained no evidently measurable neointi-ma. The left internal control intimal area were 0.056±0.011 mm 2 vs. 0.057±0.016 mm 2 in the losartan vs. control group, respectively, p>0.05 ( Figure 2 ).There was a significant increase in intimal cross-sectional area and intimal-to-medial area ratio of the right iliac arteries which had undergone debridement after eight weeks than after four weeks in the control group, (0.52±0.29 mm 2 vs. 0.25±0.15 mm 2 and 0.97±0.25 vs. 0.46±0.23, respectively, p<0.05). There was a significant decrease in intimal cross-sectional area of the right iliac arteries which had undergone debridement in the losartan group compared with the control group after eight weeks (0.27±0.13 mm 2 vs. 0.52±0.29 mm 2 , respectively, p<0.05, Figures 2 and 3) . The intimal-to-medial area ratio in the losartan group was also decreased compared with the control group after eight weeks, (0.55±0.21 vs. 0.97±0.25, respectively, p<0.05, Figure 4) . Medial cross-sectional areas were unchanged during the course of the study (data not shown). There was an increase in the lumen area of the right iliac arteries which had undergone debridement in the losartan group compared with the control group after eight weeks, (0.89±0.37 mm 2 vs. 0.72±0.36 mm 2 , p<0.05).
Quantification of collagen content
The percentage of collagen content in arterial intima was higher in the control group after eight weeks than after four weeks (43.8%±7.6% vs. 35.2%±7.3%, p<0.05). The percentage of collagen content in arterial intima was significantly lower in the losartan group than in the control group after eight weeks (21.6%±5.2% vs. 43.8%±7.6%,p<0.01) ( Figure 5 and 6 ). Losartan reduced collagen content in intima by 50.7% area fraction compared with that of control. There was no correlation between percentage collagen content and intimal area, or between percentage collagen content and intimalto-medial area ratio in losartan and control groups after eight weeks, respectively, (p>0.05).
Plasma and tissue Angiotensin II assay
After eight weeks, plasma Ang II levels were similar between the two groups (31.15±7.08 µg/ml vs. 29.24±7.24 µg/ml, p>0.05, [Figure 7a ]). Arterial tissue Ang II levels were increased in the losartan group compared with the control group (516.31±66.74 pg/mg.pro. vs. 421.83±130.08 pg/mg.pro., p<0.05, [Figure 7b] ). There was no correlation between tissue Ang II content and percentage collagen content, between tissue Ang II content and intimal area, or between tissue Ang II content and intimal-to-medial area ratio in the losartan and control groups, respectively (p>0.05).
Discussion
To our knowledge, this study is the first to provide quantitative data on the change of vascular collagen content in rabbits treated with losartan after balloon injury. Previous studies have examined the change of ECM containing collagen, 3 and effects of losartan on reduction of intimal thickening, migration and proliferation of vascular SMCs after balloon injury. 11, 16, 19 Also, the possible reduction of vascular collagen content in animal models or humans after vascular injury by losartan was not examined.
Our data show that collagen content and intimal area were increased from four weeks to eight weeks. Losartan, a non-peptide antagonist of AT 1receptors, at 15 mg/kg per day, reduced collagen content in intima and inhibited intimal thickening following balloon injury at eight weeks. However, the underlying mechanism(s) of these phenomena need further elucidation. Previous studies have revealed that collagen, the most abundant ECM protein, is produced mainly by migrating, hyperplastic, synthetic vascular SMCs in the intima, while restenosis is attributed mainly to arterial renarrowing due to accumulation of ECM containing collagen and proteoglycan in association with proliferation of vascular smooth muscle cells. 3 Therefore, inhibition of the increase of collagen content after balloon injury in losartan-treated rabbits is likely due to a reduction in the number of vascular SMCs migrating to the intima and intimal hyperplasia. The suggestion is supported by the finding that losartan reduces SMC migration and proliferation after balloon catheter injury. 11 Meanwhile, we also show that there was no correlation between decreased collagen content and intimal thickening. It suggests that a significant reduction of collagen content in the intima may not be accompanied by a proportional reduction of intimal area. Based on this hypothesis, we propose that losartan's effects on collagen content may, in part, be due to the inhibition of collagen protein secretion from vascular SMC. However, this speculation remains to be determined. Our data also show higher arterial Ang II concentrations after balloon injury in the losartan-treated group. These findings were consistent with a study showing the levels of Ang II in plasma, heart and kidney in spontaneously hypertensive rats after administration of valsartan following balloon injury were significantly higher, 20 but different from the findings from other studies which suggest that the effects of AT 1 -receptor antagonists on cardiac hypertrophy are likely mediated by reductions in tissue Ang II content in rats. 21, 22 Because Ang II can stimulate growth factor expression, vascular cell proliferation, and tissue remodelling, resulting in target organ damaging, 23, 25 it seems in conflict with our results that inhibition of the increase of collagen content in losartan-treated rabbits is accompanied by an increase in arterial Ang II concentration after balloon injury. We conclude that the role of losartan on inhibition of the increase of collagen content was not mediated by a decrease of Ang II in the local tissue. We assume that losartan, a nonpeptide antagonist of AT 1 -receptors, although increasing the levels of arterial Ang II in our study by a probable negative feedback mechanism, inhibits the role of tissue Ang II acting via AT 1 -receptors, inhibiting the increase of collagen content and intimal thickening.
In summary, our studies indicate that losartan reduces vascular collagen content in intima and inhibits intimal thickening after balloon injury. These results also suggest that collagen accumulation in intima may be an important factor in the development of the stenotic lesion and that the use of losartan may have therapeutic benefits in preventing stenosis after balloon injury.
